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Abstract. We make an improved analysis on the flow of neutrinos originating from WIMP annihi-
lations inside the Sun and the Earth. We treat both neutrino interaction and oscillation effects in
a consistent framework. Our numerical simulations are performed in an event based setting, which
is useful for both theoretical studies and for creating neutrino telescope Monte Carlos. We find
that the flow of muon-type neutrinos is enhanced or suppressed depending on the dominant WIMP
annihilation channel.
PACS. 14.60.Pq Neutrino mass and mixing – 95.85.Ry Neutrino, muon, pion, and other elementary
particles; cosmic rays – 95.35.+d Dark matter
1 Introduction
Weakly Interacting Massive Particles (WIMPs) are vi-
able candidates for accounting for the dark matter
(DM) in the Universe. While there are several exper-
iments trying to directly detect or produce WIMPs,
we will here focus on the indirect detection of WIMPs
through the neutrino flux arising from WIMP annihi-
lations in the Sun, which could be within the discovery
reach of future neutrino telescopes such as IceCube. In
general, WIMPs from the galactic DM halo will occa-
sionally scatter on the solar constituents and become
gravitationally bound to the solar system. Eventually,
these WIMPs will loose increasing amounts of energy
as they scatter repeatedly and sink to the solar core.
Consequently, there will be an increased WIMP den-
sity in the solar core, leading to an increase of the
WIMP-WIMP annihilation rate. Although neutrinos
are not the only products of such annihilations, only
neutrinos have cross-sections which are small enough
for them to escape the Sun.
In the following, we will show the results of treating
the neutrino propagation from creation in the Sun to
interaction in the detector in a full three-flavor Monte
Carlo. In particular, we focus on the effects of including
neutrino oscillations and their impact on the final neu-
trino yield. For illustration, we will discuss the yields
resulting from WIMPs with a mass of mχ = 250 GeV
annihilating into τ+τ− as this annihilation channel
a
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provides us with an initial tau neutrino yield which is
significantly higher than the electron and muon neu-
trino yields (and thus, making the neutrino oscilla-
tion effects more pronounced). The resulting neutrino
yields will be presented at four points; at the center
of the Sun, at the solar surface, at 1 AU, and time-
averaged at the detector. The full results of the Monte
Carlo simulations performed in Ref. [1] are available
at Ref. [2].
2 Neutrino production
In Fig. 1, we show the neutrino yields at the center of
the Sun. As can be observed in this figure, the tau neu-
trino yield is almost an order of magnitude larger than
the yields of the other neutrino flavors at all neutrino
energies. Note that the electron and muon neutrino
yields will always coincide at the production point, but
that the difference in these fluxes compared with the
tau neutrino flux depends on the annihilation channel
(e.g., the annihilation of WIMPs into bb¯ results in a
deficit of tau neutrinos).
3 Neutrino interactions and oscillations
In order for our results to make sense, we need to
treat neutrino interactions and oscillations in a consis-
tent framework. Since our Monte Carlo is event based,
we follow each neutrino flavor state individually as it
propagates. The neutrino oscillations are treated using
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Fig. 1. The neutrino yields as a function of z = Eν/mχ at
creation in the center of the Sun for annihilation of 250 GeV
WIMPs into τ+τ−. From Ref. [1].
the full three-flavor Hamiltonian including the MSW
interaction term. During the evolution of states from
inside the Sun, we approximate the solar electron num-
ber density by a number of layers with constant elec-
tron number density (each layer has a width of 0.3 %
of the solar radius). Using this approximation, we can
compute the evolution matrix S as the product of the
evolution matrices for each layer as
S = SnSn−1 . . . S2S1, (1)
where Si is the evolution matrix for layer i (where
i ∈ {1, 2, . . . , n}), for which there exists a relatively
simple analytic solution [3]. For both the electron num-
ber density and the nucleon densities, we have used the
Standard Solar Model (SSM) [4].
For the neutrino interaction part, both neutral-
current (NC) and charged-current (CC) interactions
with nucleons need to be taken into account1. In a
NC interaction, there is no measurement of the neu-
trino flavor, and thus, the neutrino flavor composi-
tion will remain the same. However, the neutrino en-
ergy will be degraded, leading to a degradation in the
high-energy neutrino yields and an increase in the low-
energy yields. On the other hand, CC interactions are
flavor dependent. When a neutrino interacts through a
CC interaction, then the neutrino is lost and a charged
lepton is produced. If the neutrino interacts as an elec-
tron or muon neutrino, then no new neutrinos will
be produced, since electrons are stable and muons are
stopped in the solar medium before they have had time
to decay and give rise to new neutrinos. For tau neutri-
nos, there will be a secondary flux of neutrinos induced
at CC interactions as the resulting tau will decay al-
most instantly. Regardless of the original annihilation
1 The cross-sections for interactions with electrons are
negligible in comparison.
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Fig. 2. The neutrino yields as a function of z = Eν/mχ at
the solar surface for annihilation of 250 GeV WIMPs into
τ+τ−. From Ref. [1].
channel, this secondary yield of neutrinos will have a
flavor composition similar to that of the τ+τ− channel
(i.e., with a higher yield of tau neutrinos), which is the
one that we have focused on in these proceedings. In
addition, unlike the NC cross-sections, the CC cross-
sections are not equal for all flavors at energies below
a few hundred GeV (the tau neutrino cross-section is
somewhat lower due to the effects of the tau mass). In
our Monte Carlo, we account for this by first assuming
that the cross-sections are the same and equal to the
electron and muon neutrino cross-sections. We then
randomize a point of interaction according to the solar
nucleon density and the cross-section. The flavor of the
interacting neutrino is then randomized according to
the flavor state at this point. If the interacting neutrino
is a tau neutrino, then we ignore the interaction with
a probability appropriate for taking the suppression of
the tau neutrino cross-section into account. Regard-
less of the type of interaction, we continue propagate
any remaining neutrinos using the same algorithm. It
is relatively easy to show that this Monte Carlo treat-
ment is statistically equivalent to the more stringent
approach using the density matrix formalism [5], see
the appendix of Ref. [1].
For the examples presented here, unless stated oth-
erwise, we will use the following values for the neutrino
oscillation parameters
θ12 = 33.2
◦, θ13 = 0, θ23 = 45
◦, δ = 0,
∆m221 = 8.1 · 10
−5 eV2, ∆m231 = 2.2 · 10
−3 eV2,
in accordance with the best-fit values of Ref. [6] and
normal neutrino mass hierarchy.
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Fig. 3. The neutrino yields as a function of z = Eν/mχ at
the solar surface for annihilation of 250 GeV WIMPs into
τ+τ− for both θ13 = 0 and θ13 = 10
◦. From Ref. [1].
4 Results at the solar surface
Figure 2 shows the total neutrino yields at the solar
surface and the contribution to this yield from the re-
generation due to CC tau neutrino interactions. From
this figure, we can observe that the muon and tau neu-
trinos have mixed during the propagation out from the
center of the Sun. At the same time, the electron neu-
trino yield is essentially unaffected by the oscillations
and the main changes come from interaction effects.
This is due to the facts that the Mikheyev–Smirnov–
Wolfenstein (MSW) potential is so large that the elec-
tron neutrinos essentially decouple during most of the
propagation inside the Sun and that the leptonic mix-
ing angle θ13 is equal to zero, and thus, no adiabatic
transitions will occur at the high MSW resonance.
However, if we allow for non-zero θ13 as in Fig. 3, then
there will be level transitions at the MSW resonance,
which can be observed as the electron neutrino yield
is significantly increased for θ13 = 10
◦ as compared to
θ13 = 0. Note that this effect only occurs for neutrinos
in the case of normal neutrino mass hierarchy and for
anti-neutrinos in the case of inverted neutrino mass
hierarchy as there is no resonance for anti-neutrinos in
the normal neutrino mass hierarchy and vice versa.
5 Results at 1 AU
Once the neutrinos have been propagated to the solar
surface, it is trivial to propagate them to a distance of
1 AU using the same algorithm with both the electron
number density and the nucleon density set to zero.
Because of this, we do not need to split the propaga-
tion into several layers of constant density as was the
case of the propagation out of the Sun. The result of
this propagation is shown in Fig. 4, where we also show
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Fig. 4. The neutrino yields as a function of z = Eν/mχ
at 1 AU for annihilation of 250 GeV WIMPs into τ+τ−.
From Ref. [1].
the results when neutrino oscillations are turned off.
Studying this figure, we can observe that there are a
few additional features compared to the result at the
solar surface. First of all, the electron neutrinos are
now also mixed together with the other two neutrino
flavors. This mixing is due to the leptonic mixing angle
θ12 and the small mass squared difference ∆m
2
21 be-
coming important with the increasing base-line. How-
ever, as θ12 is not maximal, the mixing is not as com-
plete as the one we observed between muon and tau
neutrinos at the solar surface. Second, the oscillation
phase in the transitions between muon and tau neutri-
nos can no longer be observed. The reason for this is
that the neutrino oscillation phase is proportional to
L/Eν , where L is the neutrino base-line. Thus, as the
base-line is increased from R⊙ to 1 AU, the oscillation
phase varies more rapidly with energy. As a result, the
oscillation phase can no longer be observed at the bin-
ning provided in the figure (and also not in reality due
to the finite energy resolution of detectors).
Finally, although not visible in the figure, the ef-
fects of having non-zero θ13 are similar to those for the
results at the solar surface. However, because of the
fact that there is also mixing due to θ12 and ∆m
2
21,
the difference between the θ13 = 0 and θ13 = 10
◦ sce-
narios is not as pronounced.
6 Results at an actual detector
For any real detector located at the Earth, the distance
to the Sun will vary throughout the year. In addition,
depending on the specific time, neutrinos may need to
travel longer or shorter distances through the Earth
in order to reach the detector. In the final step of our
Monte Carlo, we have the possibility to take the neu-
trino states at 1 AU and propagate them to the specific
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Fig. 5. The time-averaged neutrino yields as a function of
z = Eν/mχ at the South Pole for annihilation of 250 GeV
WIMPs into τ+τ−. From Ref. [1].
detector location.2 If we want to have a time-average
at the detector, then we can also randomize the time of
the neutrino event and compute the detector location
from this time. For this we use a somewhat simpli-
fied model for the Earth orbit where both perihelion
and the winter solstice occur at New Year (both are
off by about one week but the effect is small). Future
releases of the Monte Carlo code may include a more
exact astronomical model.
In Fig. 5, we show the resulting time-averaged neu-
trino yields for a detector at a latitude of −90◦ (i.e.,
the South Pole) with a viewing period of half a year
(vernal to autumnal equinox). As can be observed, the
main effect of the propagation to the detector is that
the oscillatory pattern has been smoothened out. The
reason for this is mainly that the time-averaging is an
effective average of the base-line. Thus, the oscillation
phases will average out due to their L/Eν behavior.
In principle, the oscillatory pattern should remain if
the statistics for smaller parts of the year were large
enough or if we instead observed the L/Eν behavior. In
reality, the energy resolution of any realistic neutrino
telescope will not be good enough to resolve this. How-
ever, the effect could be observed in some particular
WIMP models where the WIMPs have a large annihi-
lation branching ratio directly into neutrinos. For such
WIMP models, we would be provided with monochro-
matic neutrinos and the energy resolution of the neu-
trino telescope would become irrelevant.3 Another in-
teresting observation is that, while the final electron
and muon neutrino yields are equal when neutrino os-
2 Note that if the Earth is closer to the Sun than 1 AU,
then we first need to apply inverse propagation to find the
neutrino states that enter the Earth.
3 Note that, in order to observe neutrino oscillations in
such a model, there would also need to be an asymmetry
in the initial fluxes of different neutrino flavors.
cillations are turned off, the muon and tau neutrino
yields are equal when neutrino oscillations are turned
on.
7 Summary and conclusions
We have seen that neutrino oscillations can result in
significant changes in the neutrino spectra fromWIMP
annihilations in the Sun. The neutrino yield from anni-
hilations of 250 GeV WIMPs into τ+τ− has been used
in order to illustrate this fact. Our results have shown
that muon and tau neutrinos generally mix with each
other already during the propagation out of the Sun,
while the electron neutrinos are mainly mixed during
the vacuum propagation to the Earth.
Our results are also relatively insensitive to the ex-
act neutrino oscillation parameters. The leptonic mix-
ing angles mainly affect the degree of mixing, while the
actual value of the mass squared differences is more or
less irrelevant as long as they stay within the order
of magnitude indicated by neutrino experiments. This
is due to the fact that the oscillation phases will be
averaged out in any reasonable experiment.
Since neutrino telescopes will be mainly sensitive to
muon neutrinos, we should also think about the pos-
sible effects of neutrino oscillations on the prospects
for the detection of DM. For neutralino DM, one usu-
ally expects to produce less tau neutrinos. Hence, in
such models, the muon neutrino flux at the detector
is generally decreased by neutrino oscillations, since
more muon neutrinos will oscillate into tau neutrinos
than vice versa. However, for Kaluza–Klein DM, there
can be a significant branching ratio into charged lep-
tons. Although the branching ratios to charged leptons
will be equal for all flavors (neglecting the effect of
the lepton masses), only the annihilations into τ+τ−
will give rise to high-energy neutrinos detectable at
neutrino telescopes. As this annihilation channel has a
significant overproduction of tau neutrinos, which can
subsequently oscillate into muon neutrinos, the muon
neutrino flux at the detector can receive a large in-
crease (about a factor of four) compared to the non-
oscillatory case.
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